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We onsider the modifiation of extragalati osmi ray spetrum aused by os-
mi ray interations with infrared bakground photons whih are present in the ex-
tragalati spae together with reli photons. It is assumed that osmi ray spetrum
at superhigh energies has extragalati origin and is proton dominated.
1. INTRODUCTION
Presene of osmi infrared bakground radiation (CIB) in extragalati spae has now
been onfirmed by experiments, and its intensity is measured (see, e.g., reviews [1, 2℄),
though the preision of these measurements is still not so high, espeially if to ompare with
those for reli radiation. Nevertheless, we know enough to estimate some effets aused
by the presene of the extragalati infrared bakground. One of suh effets is neutrino
prodution due to high energy osmi ray proton interations with CIB photons, onsidered
in [35℄. Here we will fous on the other point: high energy osmi ray spetrum modifiation
due to interations with CIB photons.
2. EXTRAGALACTIC COSMIC RAY PROTON SPECTRUM
For the alulation of osmi ray (CR) energy spetrum at high energies, we assume it to
be extragalati and proton dominated from the energy E0 = 3×10
17eV . The soures of these
CRs are assumed to be distributed isotropially and uniformly throughout the Universe. In
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2this ase it is very onvenient to use osmologial transport equation written as
∂n(E, z)
∂z
+
∂
∂E
[β(E, z)n(E, z)]−
3n(E, z)
1 + z
= g(E, z). (1)
We work in in the ontinuous energy loss approximation introdued in [6℄ and neglet possible
proton absorbtion. In (1), n(E, z) is the number density of CR protons with a given redshift
z, the funtion β(E, z) is the hange of proton energy in unit interval of z,
β(E, z) =
dE
dz
=
E
1 + z
− b(E, z)
dt
dz
,
where the first term in r.h.s. is due to adiabati energy losses (aused by osmologial ex-
pansion), b(E, z) = −dE/dt, and is simply onneted with the proton ooling rate t−1p (E, z).
For the ase of proton interations with photon gas it is given by the formula
t−1p (E, z) =
1
E
b(E, z) =
c
2γ2p
∞∫
ǫth
dǫrσ(ǫr)f(ǫr)ǫr
∞∫
ǫth/2γp
dǫ
nphoton(ǫ, z)
ǫ2
,
where γp = E/mp is proton Lorenz fator, ǫr is the photon energy in the CR proton rest
system, σ(ǫr) is the photoabsorbtion ross setion, f(ǫr) is the average relative proton energy
loss in pγ-ollision (in the observer system), ǫth is the threshold of the photoabsorbtion
reation.
Protons lose their energy interating with photons via pγ → πX and pγ → pe+e− rea-
tions. Here, we suppose that γ an be reli photon (they have blak body spetral distribution
with T ≈ 2.7K) or bakground infrared photon.
Thus, in our approximation the total ooling rate should be written as a sum of two om-
ponents: ooling due to interations with reli and infrared omponents of the extragalati
radiation bakground,
t−1p (E, z) = t
−1
p,relic(E, z) + t
−1
p,infr(E, z).
The funtion g(E, z) in r.h.s. of the kineti equation (1) desribes the ombined soure
of extragalati osmi rays. This soure funtion an be written in the form
g(E, z) = ρ(z)η(z)f(E)
dt
dz
. (2)
Here, ρ(z) is the number density of loal CR soures (e.g., AGNs) in the proper (physial)
volume, ρ(z) = ρ0(1+ z)
3
, η(z) is the ativity of eah loal soure (the integrated number of
produed partiles per seond), η(z) = (1 + z)mη0θ(zmax − z). Writing this, we assume that
3the osmologial evolution of osmi ray soures an be parametrized by power law with the
sharp ut-off at some epoh with redshift zmax (m and zmax are onsidered as parameters of
a model of the ombined soure). At last, the funtion f(E) in eq.(2) desribes a form of the
differential energy spetrum of the loal soure. For a simple power law injetion spetrum
we an write
f(E) =
γ − 1
E0
( E
E0
)
−γ
.
Now supposing some values for the presented parameters we an solve (1). One more thing
needed is infrared photon number density for different redshifts, nIR(Eγ , z), to alulate
energy losses in infrared bakground. As for the ase of reli photons, the dependene
of nrelic(Eγ, z) on z is trivial: they always have blak body spetrum, with temperature
T (z) = T (0)(1 + z).
3. COSMIC INFRARED RADIATION BACKGROUND
Extragalati infrared bakground had been formed by infrared-luminous galaxies in the
late Universe. For the alulation of CIB it is again onvenient to use the osmologial
transport equation whih is analogous to that used in the previous setion. The funtion
whih must be found is the number density of infrared photons at different osmologial
epohs, nIR(Eγ, z).
The resulting expression for the number density of infrared photons in extragalati spae
is [4℄
nIR(Eγ, z) =
zmax∫
z
dx
(
1 + z
1 + x
)3 ∫
dL
L
ρ(x, L)SIR
(
Eγ
1 + x
1 + z
, L
)
·
1
Eγ
∣∣∣ dt
dx
∣∣∣, (3)
where L is the luminosity of infrared-bright galaxy emitting photons, SIR(Eγ , L) desribes
the spetrum of this radiation (it is alled the spetral energy distribution), ρ(z, L) is the
number density of infrared-bright galaxies with a given luminosity.
From diret measurements we an learn ρ(0, L) and SIR(Eγ , L). Then we an assume
some kind of the osmologial evolution to obtain ρ(z, L). Next step is to alulate nIR(Eγ, 0)
making use of formula (3), and ompare it with the measured CIB intensity. One of the
results of suh estimations is the well-known fat [1, 2℄ that we need to assume strong
evolution of bakground soures in the far infrared region to explain observed CIB intensity
(say, νI(ν) ∼ 30nWm−2sr−1 at λ ∼ 100µm).
4In fat, we inlude in our alulations only far and partially middle infrared bakground
regions, not onsidering near infrared and opti regions. For the present alulations, we
used the same parametrization of the funtion ρ(z, L) and same input data as desribed in
[5℄. But we should mention that the effet under disussion (CR spetrum modifiation)
does not depend greatly on the type of infrared soures evolution, but muh more on the
CIB intensity at z = 0 (that is, at our time).
4. RESULTS AND CONCLUSIONS
On Fig. 1a we show the proton ooling rate in infrared photon gas (together with orre-
sponding funtion for the reli photon ase), both urves shown for z = 0. The asymptoti
value of t−1p at highest energies is proportional to the total number density of photons, so
for E > 1020eV ooling on infrared photons gives a small ontribution, ∼ 0.5%. But one an
see from the figure that at proton energy ∼ (3 ÷ 4) × 1019eV , the ontribution of infrared
photons in total ooling rate is notieable.
For alulation of the CR spetrum we used the following set of parameters determining
the spetrum slope and osmologial evolution of CR soures: γ = 2.5, m = 3.5, zmax = 5.
We assumed here that extragalati spetrum of CRs dominates beginning from E0 = 3 ×
1017eV . The theoretial CR spetrum at z = 0 was normalized on experimental data; from
suh a normalization we obtained the value of the produt ρ0η0 entering eq.(2) for the soure
funtion of the CR proton kineti equation, ρ0η0 ≈ 1.4× 10
−42cm−3s−1.
The results of two alulations of extragalati CR proton spetrum (with and without
taking into aount energy losses on infrared photons) are shown on Fig. 1b. Both urves
have harateristi dip and ut-off features; one an see that extragalati CR spetrum near
GZK ut-off gets modified when taking into aount interations with infrared bakground.
In this work we used onrete model parameters for CR soure properties and the ertain
model for CIB, for the estimation of CR extragalati spetrum modifiation at 1019−1020eV .
Certainly, new experimental data for CIB intensity as long as improvement of our knowledge
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Figure 1. a) Proton ooling rates in reli and infrared photon bakground.
b) Extragalati CR proton spetrum alulated with (lower urve) and with-
out (upper urve) taking into aount energy losses in the infrared bakground.
of CR soures will help to determine more preisely the magnitude of this effet.
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